The excited states of atomic anions in liquids are bound only by the polarization of the surrounding solvent. Thus, the electron-detachment process following excitation to one of these solvent-bound states, known as charge-transfer-to-solvent (CTTS) states, provides a useful probe of solvent structure and dynamics. These transitions and subsequent relaxation dynamics also are influenced by other factors that alter the solution environment local to the CTTS anion, including the presence of cosolutes, cosolvents, and other ions. In this paper, we examine the ultrafast CTTS dynamics of iodide in liquid tetrahydrofuran (THF) with a particular focus on how the solvent dynamics and the CTTS electron-ejection process are altered in the presence of various counterions. In weakly polar solvents such as THF, iodide salts can be strongly ion-paired in solution; the steady-state UV-visible absorption spectroscopy of various iodide salts in liquid THF indicates that the degree of ion-pairing changes from strong to weak to none as the counterion is switched from Na + to tetrabutylammonium (t-BA + ) to crown-ether-complexed Na + , respectively. In our ultrafast experiments, we have excited the I -CTTS transition of these various iodide salts at 263 nm and probed the dynamics of the CTTS-detached electrons throughout the visible and near-IR. In the previous paper of this series (Bragg, A. E.; Schwartz, B. J. J. Phys. Chem. B 2008, 112, 483-494), we found that for "counterion-free" I -(obtained by complexing Na + with a crown ether) the CTTS electrons were ejected ∼6 nm from their partner iodine atoms, the result of significant nonadiabatic coupling between the CTTS excited state and extended electronic states supported by the naturally existing solvent cavities in liquid THF, which also serve as pre-existing electron traps. In contrast, for the highly ion-paired NaI/THF system, we find that ∼90% of the CTTS electrons are "captured" by a nearby Na + to form (Na + , e -) THF "tight-contact pairs" (TCPs), which are chemically and spectroscopically distinct from both solvated neutral sodium atoms and free solvated electrons. A simple kinetic model is able to reproduce the details of the electron capture process, with 63% of the electrons captured quickly in ∼2.3 ps, 26% captured diffusively in ∼63 ps, and the remaining 11% escaping out into the solution on subnanosecond time scales. We also find that the majority of the CTTS electrons are ejected to within 1 or 2 nm of the Na + . This demonstrates that the presence of the nearby cation biases the relocalization of CTTS-generated electrons from I -in THF, changing the nonadiabatic coupling to the extended, cavitysupported electronic states in THF to produce a much tighter distribution of electron-ejection distances. In the case of the more loosely ion-paired t-BA + -I -/THF system, we find that only 10-15% of the CTTSejected electrons associate with t-BA + to form "loose-contact pairs" (LCPs), which are characterized by a much weaker interaction between the electron and cation than occurs in TCPs. The formation of (t-BA + , e -) THF LCPs is characterized by a Coulombically induced blue shift of the free e THF -spectrum on a ∼5-ps time scale. We argue that the weaker interaction between t-BA + and the parent I -results in little change to the CTTS-ejection process, so that only those electrons that happen to localize in the vicinity of t-BA + are captured to form LCPs. Finally, we interpret the correlation between electron capture yield and counterioninduced perturbation of the I -CTTS transition as arising from changes in the distribution of ion-pair separations with cation identity, and we discuss our results in the context of relevant solution conductivity measurements.
I. Introduction
Charge-transfer-to-solvent (CTTS) reactions of atomic anions are among the simplest solution-phase chemical reactions. These reactions are initiated by photoexcitation to bound solventsupported excited states that do not exist for the bare ion in the gas phase. 1, 2 Following excitation, these states relax as a result of solvent motions, leading to the generation of a solvated electron, e solv -, and a solvated neutral atom:
where X represents an atom whose excited anion, X -*, can undergo a CTTS reaction in solution; these solvent-supported anionic excited states commonly are referred to as CTTS states. Because atomic anions lack intramolecular (nuclear) degrees of freedom, the dynamics of their photoinitiated CTTS reactions are dictated only by the solvent's structure and dynamic response to excitation. In turn, the solvent structure and response are strongly dependent on the molecular identity of the solvent, the ionic strength of the solution, and the presence of cosolutes and cosolvents. Consequently, CTTS reactions have a multivariate sensitivity to the local solution environment and thus are ideal probes for investigating the microscopic dynamics of this environment and how these dynamics change with solution composition. In this paper, we use this sensitivity to explore how ion-pair interactions influence CTTS dynamics in weakly polar solvents, specifically investigating how the CTTS dynamics of I -in tetrahydrofuran (THF) are altered by the presence of salt counterions.
Since the advent of ultrafast laser sources, the CTTS reaction dynamics of several atomic anions in a variety of solvent environments have been examined in considerable detail. 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] For I -, the CTTS dynamics in polar-protic 3 and polar-aprotic 6 environments are very similar. CTTS excitation of I -in polar solvents leads to electron detachment near the partner I atom on a sub-100-fs time scale. [4] [5] [6] [7] Subsequently, the nascent CTTSejected e solv -equilibrates with its local solution environment over several-to-tens of picoseconds, as evidenced by an initial dynamic blue shift of the e solv -'s absorption spectrum. 5 After (and sometimes during) equilibration, the ejected electrons recombine with their geminate I-atom partners on a 10's to 100's-of-ps time scale to regenerate the parent I -ion. [3] [4] [5] Among polar solvents, differences in I -CTTS dynamics originate from subtle differences in the dynamics of the solvent response but do not reflect a qualitatively different picture of I -CTTS. 16 In contrast, the CTTS dynamics of I -in weakly polar, aprotic solvents can have a significantly different character. In previous work, we presented the wavelength-and time-dependent dynamics associated with the CTTS excitation of "counterionfree" I -in THF. 8 We found that THF-solvated electrons, e THF -, are ejected ∼380-fs following CTTS excitation and that the ejected electrons appear with their equilibrium absorption spectrum. Furthermore, we found that the ejected electrons do not undergo geminate recombination with their I-atom partners on subnanosecond time scales. We also performed a series of competitive scavenging experiments that revealed a considerably larger spatial extent to the CTTS excited state of I -(and thus the initial electron-ejection distance) in THF relative to water. We interpreted these behaviors as resulting from the unusual liquid structure of THF: unlike most fluids, liquid THF packs poorly on the molecular level, resulting in a solvent structure characterized by a prevalence of electropositive solvent voids or cavities. 17, 18 These cavities are natural traps for excess electrons and are also associated with low-lying, disjoint solventsupported electronic excited states in THF that have amplitude in multiple cavities. 17 Excitation of an excess electron into these natural solvent-supported excited states can promote relocalization into cavities located up to nanometers away from the cavity of origin. 19, 20 Thus, we assigned the large effective spatial extent (∼6 nm) of the I -CTTS excited state in THF as originating from coupling between the local CTTS excited state and these low-lying disjoint solvent-supported electronic states. 8 Furthermore, we understand the lack of electron-solvation dynamics to reflect the fact that the solvent cavities in THF are nearly optimized to solvate an excess electron. 8 The CTTS excited state of I -in water and other polar solvents, on the other hand, lies well below the conduction band, 5 and significant solvent rearrangement is required to solvate CTTS-generated solvated electrons, which localize close to the geminate I atom.
In studies of CTTS dynamics, the goal is usually to understand the properties of the "free" CTTS system (i.e., in the limit of infinite dilution) such that time-resolved measurements reflect only the influence of the solvent on the chargetransfer process. In aqueous solutions, this condition is achieved readily with monovalent salts at millimolar concentrations, as these salts typically dissolve to completion 21 and the high dielectric strength of water adequately screens ion-ion interactions (i.e., the Onsager distance, r c , at which Coulombic attaction equals k B T, is on the order of a few Ångstroms). On the other hand, these salts dissolve very poorly in weakly polar solvents like THF (K diss e 10 -5 M), 22 and ion-pair interactions are not screened even over relatively long distances (i.e., r c can be several nanometers). Thus, to investigate the dynamics of "free" I -in weakly polar solvents, it is necessary to screen Coulombic interactions between salt counterions. In our previous study, we accomplished this by complexing Na + with 18-crown-6 cyclic ether. 8 Figure 1 illustrates that the I -CTTS transition not only is affected by the polarity of the surrounding solvent medium (water vs THF) but also is perturbed strongly by the presence of the nearby cation. 23 This figure makes it clear that counterioninduced spectral shifts of the I -CTTS band depend on the identity of the counterion: the absorption-band maximum of the "free"-I -CTTS transition lies at 254 nm (red squares), whereas that for tetrabutylammonium I -and uncomplexed Na + -I -occur at 248 nm (green circles) and 236 nm (blue diamonds), respectively. 23 A similar scenario has been noted for alkali iodides in supercritical ammonia: steady-state absorption measurements indicate that these salts exhibit CTTS absorption from both "free" and contact-pair species, and that the equilibrium between the "free" and ion-paired species may be manipulated by altering the properties of the solvent. [24] [25] [26] [27] Given the strong counterion dependence of its CTTS absorption spectrum, how should we expect the dynamics of CTTSexcited iodide to change due to interactions with nearby charges? This issue has been addressed to some degree for aqueous ionic solutions. In high-dielectric liquids such as H 2 O, raising the ionic strength generates increased nonspecific ion-ion interactions that alter the hydration structure of CTTS anions and minimally perturb the CTTS (and e H 2 O -) absorption spectrum. Steady-state absorption spectra of the lowest-energy I -CTTS transition in different solvents and counterion environments, normalized at the peak absorption for ease of comparison. Decreasing the polarity by switching from H2O ( ) 78, black curve) to THF ( ) 7.5, red squares) produces a significant red shift of the "counterion-free" I -CTTS transition: the CTTS λmax shifts from 225 nm in water to 254 nm in THF. We obtained the CTTS spectrum of "counterion-free" Iin THF by chelating Na + with 18-crown-6 ether; see ref 8 . In lowpolarity THF, the choice of counterion can also shift the I -CTTS transition energy due to specific ion-pairing interactions: the I -CTTS transition with weakly associated t-BA + (green circles) has its λmax at 248 nm, whereas the more strongly associated Na + (blue diamonds) shifts the λmax to 236 nm. subtleties in the transient absorption dynamics that follow photodetachment of Cl -in aqueous NaCl solutions. 31 However, it is unclear whether these small spectral perturbations are better assigned to specific interactions with a single Na + counterion than to nonspecific interactions with a strong ionic atmosphere associated with the ∼1 M sample concentrations studied in these experiments. 31 In a more systematic study, Sauer et al. 29 showed that increasing the ionic strength can perturb the slow geminate recombination process that follows aqueous I -CTTS excitation, such that the total free electron yield decreases with increased ionic strength. Yet, despite this subtlety, the CTTS dynamics of I -in water were found to be qualitatively similar in solutions of varied ionic strength: locally ejected e H 2 O -either recombine with the geminate I atom or diffusively escape the weak attraction with the partner atom to become free electrons in solution. 29 For I -salts in THF, the sizable shift of the I -CTTS spectrum with counterion identity due to specific ion-pair interactions seen in Figure 1 portends considerable differences in CTTS dynamics with the identity of the dissolved salt, including the possibility of electron transfer to the counterion. With our understanding of the CTTS dynamics of "free" iodide from our previous work, 8 we are now in a position to carefully examine how the presence of counterions alters the overall CTTS process. Our goal is to use ultrafast spectroscopy to explore how the extent of ionpairing and the proximity of countercations affects the CTTS dynamics of I -in liquid THF. We ask specifically: do the counterions bias electron localization by altering the preexisting void structure and solvent-supported electronic states of THF? How does this affect the ejection distance of CTTS electrons in THF? Does ion pairing promote direct electron transfer to the counterion or induce new electron solvation dynamics? We will show not only that the presence of counterions affects the CTTS electron-ejection distribution but also that proximal counterions can "capture" the ejected electrons, forming either "tight" or "loose" cation:electron contact pairs that are spectroscopically distinct from "free" solvated electrons. These spectroscopic differences provide a convenient handle with which we can assess cation-induced changes to the CTTS ejection dynamics. Moreover, the extensive ion-pairing of iodide salts in THF presents a useful starting point from which we can investigate electron-attachment dynamics in liquids in considerable detail.
The remainder of this paper is organized as follows. In section II, we summarize our experimental methods, which have been described in more detail elsewhere. 8 Section III presents our time-resolved investigation of various I -salts in liquid THF. We begin in section III.A by discussing the steady-state spectroscopy of the solvated electron and the various solvated electron:cation complexes that we generate through the photoinduced I -CTTS reaction. In section III.B, we examine the CTTS dynamics of I -in the presence of Na + using ultrafast transient absorption spectroscopy, and demonstrate that the CTTS excitation of I -leads almost exclusively to the formation of (Na + , e -) THF tight-contact pairs. We also contrast the formation kinetics of (Na + , e -) THF with the geminate recombination dynamics that follow the CTTS excitation of counterion-free I -in THF and the multiphoton ionization of neat THF in order to gauge the CTTS-generated distribution of electrons and cations. In section III.C, we illustrate that the CTTS excitation of I -in the presence of tetrabutylammonium, t-BA + , leads to formation of (t-BA + , e -) THF loose-contact pairs (LCPs). The dynamics associated with loose-contact pair formation are characterized by a subtle spectral shift of the absorption band of LCPs relative to "free" THF-solvated electrons. We analyze the wavelength-dependent transients with two different electroncapture models that enable us to extract the absorption spectrum of the (t-BA + , e -) THF loose-contact pair. We conclude in section IV by discussing these results in the context of the thermodynamics of ion pairing, contrasting our measurements with conductivity data for THF-solvated salts and comparing our measured cation-dependent electron-capture yields with cationinduced shifts in the CTTS spectra. The Appendix extensively describes the convolution methods we use to properly fold our experimental temporal response into our kinetic electron-capture models.
II. Experimental Section
The sample preparation and optical detection methods we use to investigate the time-resolved CTTS dynamics of I -salts in THF have been described extensively in a recent publication. 8 Briefly, tetrahydrofuran (THF, Fischer) was dried over potassium metal under an Ar atmosphere and was distilled freshly for use; the freshly distilled solvent was optically transparent above ∼220 nm and was free of dissolved oxygen. Tetrabutylammonium ((CH 3 (CH 2 ) 3 ) 4 N + ) iodide, t-BA + -I -(Sigma, >99% purity), NaI (Fluka, >99.5% purity), and 18-crown-6 cyclic ether (1,4,7,10,13,16-hexaoxacyclooctadecane, Aldrich, >98% purity) were used as purchased and were stored in a desiccator. Sample solutions (150-200 mL, 1-7.5 mM t-BA + -I -, 5-20 mM NaI) were prepared in a nitrogen drybox to curtail oxygen and water contamination, and were mixed via moderate sonication and/or modest heating in sealed flasks. Sample solutions were circulated through a 2-mm path length quartz flow cell (Spectrocell) using a peristaltic pump (Cole-Parmer); solutions flowed to the sample cell through a closed-circuit tubing loop that is chemically inert to both I -and THF. The sample flow circuit was thoroughly flushed with nitrogen prior to sample introduction. Negligible sample oxidation occurred through the course of several hours, as verified both spectroscopically and according to the similarity of pump-probe data taken before and after several hours of exposing the samples to UV laser pulses. The spectroscopic signatures of various impurities (O 2 , I 3 -, and H 2 O) are wellunderstood, [32] [33] [34] such that we could easily identify contaminated samples. We used fresh solutions daily and replaced them in the event that the level of accumulated byproduct or contaminants became unacceptable.
Although we could not find published information regarding the solubility of these salts in THF, we note we were unable to prepare room-temperature solutions with t-BA + -I -concentrations above ∼10 mM even with extensive mixing, and that solutions with concentrations near 10 mM were stable only for a few hours. Most of our experiments using this salt were conducted with a 5-mM t-BA + -I concentration in THF. In contrast, we were able to make NaI solutions with concentrations up to 50 mM. Though a great deal of mixing was required to make solutions at these concentrations, we found that these solutions were indefinitely stable to precipitation. Because the 263-nm excitation wavelength we use in our experiments is at the very red edge of the Na + -I -CTTS transition (cf. Figure  1) , we conducted most of our experiments at a 20-mM NaI concentration to maximize absorption of the excitation light but to avoid overly excessive sample concentrations. We did verify, however, that there was no concentration dependence of the NaI/THF CTTS dynamics down to the low millimolar concentration range. 35 Our pump-probe transient absorption experiments were carried out using a regeneratively amplified Ti:sapphire laser (Spectra Physics) outputting ∼120-fs pulses centered near 790 nm (∼800-µJ pulse energy, 1-kHz repetition rate). Roughly onethird of of the amplified fundamental beam was frequencytripled to generate 263-nm pump pulses with ∼3-5 µJ of energy in a two-stage "doubling-mixing" scheme. The UV pulse intensity was controlled quantifiably with a set of calibrated, quartz-based neutral density filters. The remaining amplifier output was used to pump a dual-pass optical parametric amplifier (OPA, Spectra Physics), creating tunable signal and idler beams in the 1.2-2.5 µm range; for IR-probe experiments, these wavelengths were isolated and used directly. For near-IR-and visible-probe experiments, light pulses were produced either by doubling the signal or idler outputs (creating light in the 600-700 and 920-1100 nm ranges). Visible and near-IR-probe wavelengths were measured directly with an Ocean Optics fiberbased spectrometer at a ∼5-nm resolution, and the signal and idler wavelengths were measured according to the wavelength of SFG signal generated by mixing with the 790-nm fundamental. The relative pump-probe polarization was controlled for visible probe colors with a wave-plate/polarizer pair, and visible transients were collected with the relative pump and probe polarizations set at the magic angle (54.7°). We were unable to set the relative UV-IR polarization to the magic angle, but IR-probe transients recorded at both 0°and 90°relative polarization were identical across the range of investigated probe wavelengths.
The probe beam in our experiments was directed onto a computer-controlled, variable-delay translation stage (Newport) outfitted with a corner-cube reflector. The pump and probe beams were collinearly recombined using a 266-nm high reflector and were focused toward the sample with a 100-mm fused-silica lens, with the sample placed 2-5 cm before the pump focus. The probe beam was collimated prior to recombination with a 1-m lens to ensure that the probe spot-size (∼50-100-µm diameter) was well within the pump spot-size (∼200-µm diameter). Visible absorption transients were measured with Si photodiodes (Thorlabs DET-100) and IR transients were recorded using either InGaAs photodiodes (Thorlabs DET-400) or InAs (Judson Technologies) photodetectors. A mechanical chopper was placed in the pump path to actuate pump-on/ pump-off detection. A small portion of the probe beam was split off prior to the sample and was directed to a reference detector for shot-by-shot double normalization, whereby the intensity of the probe pulse transmitted through the sample is divided by the intensity measured on the reference detector both with and without the pump pulse present. 36 Each of the pumpprobe transients presented here was collected by signal averaging for 30 min to 2 h. All of the transients were collected at room temperature.
We close this section by discussing limitations to our temporal resolution induced by the nature of our samples. The volatility and hygroscopicity of THF precludes use of thin liquid sample jets that typically are employed to limit pump-probe refractive index mismatch (group velocity mismatch, GVM) in a liquid sample of finite width. 37 Although the refractive index of THF changes very little across the visible and near IR, the refractive index of THF increases significantly in the near UV due to preresonance with strong solvent absorption bands. We have measured a refractive index mismatch (∆n) of ∼0.2 between the 263-nm pump and IR-probe wavelengths in THF, corresponding to a ∼1.4-ps shift in time-zero upon passing both beams through 2 mm of the liquid. 38 This refractive-index mismatch through samples of finite width results in the convolution of "true" absorption transients with the spatial variation of time-zero across the sample width, and typically introduces artifacts such as "lazy" signal rises and broadened signal spikes that originate from coherent pump-probe interactions with the solvent. In fitting the models presented below, we have incorporated the effects of GVM by convolving the modeled dynamics with a sample response function that combines the refractive index mismatch with the sample-depthdependent attenuation of the pump intensity. In the Appendix, we present the analytic result of this convolution for a multiexponential, time-dependent function and also include the effects of the pump-probe cross-correlation; we also describe a general numeric procedure for convolving these resolution effects (induced by GVM and finite pulse widths) with model functions exhibiting more complicated time dependence.
III. Effects of Counterions on the CTTS Dynamics of Iin THF
A. Steady-State Spectroscopy of "Tight" and "Loose" Cation:Electron Contact Pairs in THF. It is generally accepted that solvated electrons exist as cavity-bound species in solution that have little valence interaction with surrounding solvent molecules. Figure 2 shows the spectrum of the THF-solvated electron (red squares [39] [40] [41] , and for reference, the spectrum of the hydrated electron (black curve 42 ). The spectrum of the THFsolvated electron exhibits a broad absorption band that peaks in the IR at 2160 nm. Simulations have assigned this absorption spectrum as a superposition of the s-to-p-like transitions of a particle in a roughly spherical box at low energies and transitions between the s-like ground state and low-lying solvent disjoint states at higher energies. 17 The chemistry and spectroscopy of an excess electron in weakly polar solvents changes dramatically, however, in the presence of cations. For example, solvated electrons in ethers and amines are attracted to and captured by alkali cations in solution. [43] [44] [45] [46] [47] [48] The spectrum of the species with stoichiometry Na 0 , which is formed when solvated electrons associate with is included for reference. The (Na + , e -)THF species has been identified as a tight-contact pair (TCP) with partially atomic character. In contrast, solvated electrons in the presence of partially coordinated Na + (which are obtained, for example, by solvating Na + in polyglycol dimethyl ethers) gives rise to "loose-contact pairs" (LCPs), which are characterized by a Coulombically induced blue shift of the free solvated electron's spectrum (see ref 51) . As discussed in section III.C, we see a similar LCP species formed following the CTTS ejection of an electron from I -in the presence of t-BA + . The spectrum of this species (green dashed curve) was obtained from fits to data plotted in Figure 5 subject to the "ionic-solvation" model described in the text. Na + in THF, spans the visible and near-IR, peaking at 870 nm ( Figure 2 , blue diamonds). 43 The absorption band of this species is both substantially blue-shifted relative to the solvated electron's spectrum in THF and significantly red-shifted from the gas-phase sodium D-line (at 590 nm), suggesting that the chemical nature of this species lies somewhat between that of an unsolvated neutral atom and a solvated electron. In a recent investigation of the ultrafast CTTS dynamics of Na -in THF, Cavanagh et al. demonstrated that this 870-nm band arises from a (Na + , e -) THF complex that is characterized by partial removal of the electron from the Na 3s orbital and thus is chemically distinct from a weakly solvated neutral sodium atom. 49 In this and future work, 50 we take advantage of the strong ion-pairing between Na + and I -in liquid THF to directly probe the mechanisms by which the (Na + , e -) THF complex is formed from its constituent parts when Na + captures an excess electron generated by CTTS-excitation of a nearby I -anion.
Although Na + in THF captures 100% of photo-or radiolytically generated electrons in solution, excess electrons in solutions made with solvents that interact more strongly with Na + , such as polyglycoldimethyl ethers (dimethoxy ether, diglyme, triglyme, etc.) are characterized by an equilibrium between "strong" and "weak" cation-electron interactions. Thus, electron injection into Na + solutions of polyglycoldimethyl ethers (glymes) yields two overlapping transient absorption bands: the first peaks near ∼900 nm, as with (Na + , e -) THF , and the second is slightly blue-shifted from the e solv -spectrum in the absence of Na + , peaking near ∼1600-1800 nm. 51, 52 These two absorption bands are understood to originate from "tight" and "loose" electron:cation ion pairs in solution. Tight-contact pairs (TCPs), associated with the 870-nm band observed in THF, are characterized by substantial interaction of the electron with the outer s-orbital of the alkali cation, as evidenced by significant changes to the electron's hyperfine constant as measured via electron spin resonance (ESR). 53 On the other hand, loosecontact pairs (LCPs) are characterized by greater solvent separation and negligible valence interaction between the electron and the cation. The green dashed curve in Figure 2 corresponds to the LCP spectrum in THF extracted from the measurements described in section III.C. The shift of the LCP spectrum relative to that of a free solvated electron arises largely as a perturbation by the attractive Coulombic potential between the partners, and is presumed to be relatively insensitive to the cation identity. 51, 52 We note that unlike the solvated electron: neutral atom contact pairs that are frequently invoked to explain CTTS recombination dynamics, 4,9 cation:electron TCPs and LCPs are spectroscopically distinct from the free e THF -. Thus, one of our goals in this work is to compare and contrast the formation of TCP and LCP species subsequent to the CTTS excitation of iodide.
B. Ultrafast CTTS Dynamics of NaI in THF and the Formation of (Na + , e -) THF "Tight-Contact Pairs". 1. The Capture of CTTS-Ejected Electrons by Na + . Because the electron-Na + interactions in THF are relatively well understood (cf. Figure 2) , 43, 45 we begin our study of the effects of counterions on the CTTS dynamics of I -in THF by examining the ultrafast spectroscopy of NaI/THF solutions. Figure 3 plots ultrafast absorption transients measured at representative infrared probe wavelengths following the 263-nm CTTS excitation of 20-mM NaI/THF solutions. For ease of comparison, we have normalized each of the transients at 25 ps, a time well after the fastest dynamical processes are complete. The dynamics on longer time scales, t < 500 ps, are plotted in panels a-g (left), and the dynamics on early time scales, t < 30 ps, are shown on an expanded scale in panels h-n (right). The observed dynamics are clearly dependent on the probe wavelength. After an initial rise that we cannot resolve due to the pump-probe refractiveindex mismatch (see section II and the Appendix), the transient absorption intensity at 1670, 1440, 1270, and 1185 nm decays dramatically and the transient absorption measured at 700 and 920 nm exhibits an intensity rise on both ∼10-and ∼100-ps time scales; all of the transients reach a constant value by ∼300 ps. Additionally, we find a relatively flat temporal response when probing at 1080 nm at times > 30 ps (Figure 3l ), revealing a quasi-isosbestic point between the decaying long-wavelength and rising short-wavelength absorption transients. 54 The NaI CTTS absorption transients plotted in Figure 3 differ considerably from the time-and wavelength-independent transients we measured previously following the CTTS excitation of "counterion-free" I -in THF. 8 Thus, the time-and wavelengthdependent transients of NaI/THF solutions highlighted in Figure  3 must result from the participation of Na + in the CTTS kinetics. As our data strongly suggest two-state kinetics in which ejected Absorption transients measured at selected IR wavelengths following the 263-nm excitation of NaI/THF solutions on both long (panels a-g) and short (panels h-n) time scales; the transients have been normalized at t ) 25 ps for ease of comparison. The induced absorption at long IR wavelengths (1670, 1440, 1270, 1185 nm) decreases over 10's to 100's of ps and is accompanied by a concomitant absorption increase at shorter wavelengths (700 and 920 nm), with a relatively flat temporal response at 1080 nm. This behavior illustrates the reaction of e THF -with Na + to form a (Na + , e -)THF tight-contact pair (cf. Figure 2 , blue diamonds). The black curves are a global fit to all 7 transients using a simple, two-time-scale kinetic model described in the text. According to this model, 63 ( 3 and 26 ( 3% of the CTTSejected electrons are captured by Na + to form TCPs with 2.3 ( 0.6 and 63 ( 15 ps lifetimes, respectively; ∼11% of injected electrons remain as free e THF -. The poor quality of the fit at intermediate wavelengths (e.g., 1185 and 1080 nm) on shorter time scales suggests that dynamic solvation processes that are not included in this model also are involved in the capture reaction. 50 electrons disappear to form a new species that absorbs farther to the blue, the logical conclusion is that the CTTS-ejected electrons are captured by proximal Na + cations in THF to form tight-contact pairs, (Na + , e -) THF :
Indeed, the (Na + , e -) THF species has negligible absorption at wavelengths longer than ∼1400 nm (cf. Figure 2) , so that decaying absorption transients collected in this spectral window reflect changes in the population of the CTTS-ejected THFsolvated electrons. At wavelengths shorter than ∼1000 nm, the (Na + , e -) THF absorbs more strongly than the solvated electron, such that transients probed in this wavelength range primarily reflect TCP formation. Finally, the absorption spectra of THFsolvated electrons and (Na + , e -) THF 's have equal cross-sections near 1080 nm (cf. Figure 2 ), leading to quasi-isosbestic behavior at this probe wavelength. 54 In order to support our assignment of the dynamics seen in Figure 3 to the reaction of CTTS-generated electrons with Na + (eq 2) and to describe the transient behavior quantitatively, we introduce a kinetic capture model that utilizes the steady-state absorption spectroscopy of e THF -and (Na + , e -) THF :
In this "delayed-ejection-with-capture" scheme, electron ejection from the I -CTTS excited state (I -*) occurs with rate k CTTS . Following ejection, some of these electrons (which we assume have the free e THF -absorption spectrum plotted with red squares in Figure 2 ) are captured by nearby Na + to form (Na + , e -) THF (with the equilibrium absorption spectrum plotted with blue diamonds in Figure 2 ): a fraction f f are captured on a fast time scale (with rate k f ), a fraction f s are captured on a slow time scale (with rate k s ), and the remaining fraction f esc ) 1 -f f -f s escape capture on subnanosecond time scales. 55 As described further below, the details of the capture processes depend not only on the initial distributon of parent Na + -I -ion pairs but also on the distribution of the CTTS-ejected electrons, as capture is driven by the relative diffusion of the electron and cation. Because we do not know either the initial proximity of the sodium and iodide ions or the precise nature of the electronejection distribution, we treat capture phenomenologically in this scheme with first-order kinetics (eqs 3c and 3d) to describe the ∼10-and ∼100-ps time scales apparent in the data in Figure  3 . As discussed more thouroughly below in section III.B.2, we presume that these two time scales correspond with the capture of electrons by closely and further-separated Na + , respectively. Although we do not expect this simple capture model to reproduce all of the subtleties in the data, we will show that it does quantitatively explain most of the time and wavelength dependence of the NaI CTTS spectral transients plotted in Figure 3 .
In accordance with eq 3, the time-dependent populations of electrons, P e -(t), and (Na + , e -) THF TCP species, P (Na
-) (t), are given by in which give the relative amplitudes of the different capture processes. 56 Thus, at any given probe wavelength λ, the transient absorption dynamics I λ (t) should directly reflect the population of each species weighted by its (equilibrium) absorption cross-section at that wavelength, X (λ):
where X represents either the solvated electron or solvated sodium cation:electron TCP.
As described in section II and the Appendix, the large groupvelocity mismatch (GVM) between the UV-pump and IR-probe wavelengths through the finite width of the sample introduces an instrumental response that must be folded into our kinetic model in order to fit the data plotted in Figure 3 . This convolution introduces a dispersion-limited rise that obscures processes at times earlier than ∼1.4 ps. Because the electronejection time is clearly faster than our GVM-limited resolution, in our analysis, we fixed the electron-ejection time scale (k CTTS -1 ) to 380 fs, the value that we determined previously for "free" iodide. 8 We note that the dispersion-limited rise precludes any observation of direct transfer of the CTTS-excited electron to the cation; therefore, our analysis assumes that CTTS excitation always leads to electron ejection and that there is no direct charge-transfer to the cation (CTTC). 57 We justify this assumption further below in section III.B.2.
A global fit of eqs 4-6 to all seven of the NaI pump-probe transients is plotted as the solid black curves in Figure 3 ; we used two adjustable rates (k f and k s ) and capture yields (f f and f s ) for a total of 4 fitting parameters. The best-fit parameters correspond to fast (k f -1 ) and slow (k s -1 ) capture processes that occur with 2.3 ( 0.6 and 63 ( 15 ps lifetimes, respectively, with the fast process (f f ) binding 63 ( 3% and the slow process (f s ) 26 ( 3% of the CTTS-generated electrons; ∼11% (f esc ) of the electrons remain uncaptured at t ) 500 ps. The reported error bars reflect the range over which 2 increased by 25%. Figure 3 shows that the quality of the fit is excellent at both extremes of probed wavelength range. The relatively poor quality of the fit near 1100 nm (roughly the isosbestic point between e THF -and (Na + , e -) THF ; cf. Figure 2) as well as the subtle differences at early delays at other wavelengths suggest that the kinetic-capture process involves spectral dynamics that are not included in our model. We believe that these spectral dynamics likely include the formation of loosely bound Na + -electron LCPs prior to formation of the TCP as well as solvation/ thermalization of the TCP immediately following electron capture. 50 2. Effects of Na + on the CTTS Ejection of Electrons from I -in THF. Although our model provides a reasonable quantitative description of the (Na + , e -) THF formation kinetics that follow I -CTTS excitation, how can we assess the degree to which the presence of a nearby sodium cation affects the CTTS 
electron-ejection process? Specifically, are CTTS electrons ejected to the same distance from the I atom in the presence and absence of Na + ? To address these questions, in Figure 4 we examine pump-probe transients from both "counterion-free" (i.e., crown-ether-complexed Na + ; red squares) and Na + -paired (blue diamonds) CTTS-excited I -in THF collected by probing the population of free solvated electrons in the ∼2-µm region; the data are normalized at t ) 10 ps in order to highlight the slow relaxation processes. The red squares illustrate that negligible electron-I recombination follows the CTTS excitation of "free" I -in THF. 8 The curve through these data is the calculated electron survival probability assuming diffusive recombination via the Smoluchowski equation 58, 59 with an initial 6-nm Gaussian-distributed pair separation. This calculation clarifies why so little recombination is observed up to 500 ps after excitation: the nascent CTTS-generated electrons from "free" I -are ejected far from their I-atom partners, a result consistent with our previous time-resolved scavenging experiments on this system. 8 In contrast, fitting of the transients plotted in Figure 3 demonstrates that ∼90% of the CTTS electrons ejected in NaI solutions are captured by Na + to make (Na + , e -) THF within ∼300 ps. If the ejected electrons initially localize more than a few solvent shells from Na + , then the dynamics of (Na + , e -) THF formation should be diffusion-controlled (subject to their screened Coulombic attraction), much like the recombination of electrons and radical cations generated by solvent multiphoton ionization (MPI). 60-63 Therefore, the recombination kinetics of MPI-generated electrons/cations in THF can serve as a natural ruler against which we can estimate the initial relative spatial distribution of e THF --Na + pairs associated with the slow recombination kinetics that follow CTTS excitation of Na + -I -in THF.
The electron recombination dynamics following MPI of neat THF through both visible 13 and ultraviolet 8 multiphoton excitation have been studied previously by our group, and in all cases we were able to fit the observed recombination kinetics using an approximate solution to the Debye-Smoluchowski equation (DSE). 60, 61 We found that when the multiphoton excitation provided ∼12.5 eV total energy, recombination is modeled reasonably by the DSE solution with a reaction distance R ) 11 ( 1 Å, a reaction velocity V ) 1.2 ( 0.2 m/s, and an initial electron ejection distance r 0 ≈ 40 Å; for three-photon excitation at 263 nm, we found r 0 ) 37 ( 2 Å. The green circles in Figure  4 plot the ∼2-µm-probed electron population kinetics following multiphoton ionization of neat THF at 263 nm, normalized at t ) 10 ps; the solid green curve is a fit to the data with the approximate DSE solution, yielding the parameters stated above. The data illustrate that the recombination of solvated electrons with THF radical cations occurs on a slower time scale than the capture of solvated electrons by Na + . Although we anticipate a similar mechanism for electron recombination following MPI and CTTS-electron capture by Na + , one important difference distinguishes these processes: the initial electron-cation separation in MPI is determined simply by the excess energy available in the ionization process, 64 whereas the average e --Na + interionic separation following CTTS excitation of Na + -Iresults from a convolution of the ejected electron/I atom pair distribution with the equilibrium distribution of Na + -I -ionpair separations. Thus, the diffusive capture of electrons by Na + following CTTS excitation of Na + -I -is truly a three-body problem, and to our knowledge, no general solution to this problem exists in the literature. The problem is further complicated by the fact that we expect the CTTS e --ejection distribution to be affected significantly by the proximity of the sodium cation, such that there may be no unique combination of Na + -I -and electron-iodine distributions that generate the initial Na + -e -pair distribution.
How, then, can we estimate the average e THF --cation separation following CTTS excitation of NaI in THF? One approach is to simply apply the approximate (two-body) DSE solution used for the MPI case to fit the slower of the two (Na + , e -) THF formation processes. The data are not sufficient to constrain the fit if all three DSE parameters are allowed to vary, but if we fix the reaction distance and velocity to be the same as those determined for recombination following MPI (11 Å and 1.2 m/s, respectively), 8, 13 we obtain an initial cation-electron separation distance of 12 Å. Alternatively, if we fix only the reaction distance at 11 Å, we find that the slower electron-capture process can be described by the approximate DSE solution with an initial electron-cation separation of ∼24 ( 3 Å and with V ) 6 ( 2 m/s; this latter fit is plotted as the blue short-dashed curve through the NaI data in Figure 4 . Given that there are no available published values for the reaction distance and velocity of solvated electrons interacting with Na + in THF and that there is no guarantee that the approximate solution to the DSE is appropriate for this three-body situation, the conclusion that we can draw from this approach is that the slower capture process, if diffusive, starts with an initial electron-Na + separation of roughly 1-2 nm. 
with Na
+ and THF + is driven by conductive-diffusive motion of the electron-cation pair and is best modeled with solutions to the Debye-Smoluchowski equation (DSE). The green dashed curve is a DSE fit to the MPI recombination data with an initial separation (r 0) of 37 ( 2 Å when the reaction distance (R) and velocity (V) are fixed at 11 Å and 1.2 m/s, respectively (refs 8 and 13). The formation of (Na + , e -)THF occurs more quickly, suggesting that the CTTS-generated electrons localize close to Na + ; the blue short-dashed curve is a DSE fit to the data with r0 ) 24 ( 3 Å and V ) 6 ( 2 m/s holding R fixed at 11 Å. The large change in r0 in the presence (24 Å) and absence (∼60 Å) of Na + illustrates that Na + either contracts spatial extent of the solvent cavity states coupled to the CTTS state or directly alters the nature of the I -CTTS state.
We can support this number for the largest electron-Na + separation with a simple back-of-the-envelope calculation. To first order, the time scale for geminate electron-cation recombination can be approximated by the Onsager time t c ) r c 2 /D′, where r c is the Onsager distance (∼75 Å in THF) and D′ is the relative diffusion constant for the diffusing electron/cation pair (0.76 Å 2 /ps, assuming diffusion dominated by e THF -); 65 for solvated electrons in THF, t c ≈ 7.4 ns. For the case of MPI, where we expect an initial separation distance r 0 ≈ 40 Å between the electron and THF + , we would expect the diffusive recombination time scale to be approximately Figure 4 shows that roughly half of the recombination has occurred at the longest time probed (550 ps), such that this crude method provides a reasonable estimate of the time for recombination to be complete. In contrast, we see from the NaI transients in Figure 3 that electron capture is complete by ∼300 ps. Because this time is much faster than the recombination time following MPI, we expect that the initial distribution of Na + -e THF -distances must be considerably tighter than 40 Å. We thus can approximate roughly the initial electron-cation separation for the slow capture process as Thus, this simple estimate gives a 1.5-nm initial separation distance for the CTTS-generated electrons and the sodium cations, in agreement with the DSE fit discussed above. Of course, this simple analysis relies on purely diffusive motions (without Coulombic attraction) to bring the reactive pair together and also assumes that diffusion is dominated by e THF -; on both counts, we expect this analysis to somewhat underestimate the true initial pair separation. 66 Despite the simplicity of these analyses, they do allow us to conclude with confidence that the initial separation between Na + and the CTTS-generated electrons is unlikely to be larger than ∼2 nm, particularly because more than 50% are captured by Na + in 2.3 ps. It is therefore interesting to compare this e2-nm distance to the ∼6-nm electron-iodine separation that we determined for the CTTS ejection of electrons from "free" Iin THF. 8 The fact that the two distances are so different indicates that the presence of proximal sodium cations has a profound influence on the CTTS-ejection process: electrons that would have been ejected nearly 6-nm away from their "free" I atom parents are confined to be ejected well within ∼1-2 nm of the sodium counterion. Although the centers of these distributions do not coincide, we know from the CTTS spectroscopy and thermodynamics of these salts (see section IV) that Na + cations are tightly ion-paired and likely reside within one or two solvent shells of the I -ions. As a result, we anticipate that the distribution centers are not so different on the scale of the electron-ejection distance. Thus, even the electrons that are most slowly captured are not ejected more than ∼2 nm away from the I atom when the Na + cation is nearby, such that Na + induces a dramatic collapse of the CTTS electron-ejection distribution.
Of course, this analysis applies only to the longer of the two Na + -electron capture processes from our kinetic model (the 63-ps process). The faster, 2.3-ps capture process is clearly too fast to be diffusion-limited and thus must be rate-limited by the fluctuations of the THF molecules solvating the sodium cation. We presume that Na + not only is dipole-solvated by the surrounding THF molecules but also that Na + -THF interactions involve some coordination of oxygen lone pairs to the bare cation (interactions similar to those between the cation and glymes, 51, 52 but weaker because THF is only monodentate). We believe that this solvation structure presents a barrier for electron attachment that inhibits faster electron transfer. The right side of Figure 3 shows that the faster capture process is not well described by the simple two-state kinetic interconversion model expressed by eq 2. This also points to the important role of solvent fluctuations and dynamic solvation in the faster capture process, with the implication that electron-Na + interactions evolve from free e THF -to (Na + , e -) THF through one or more intermediate stages as the solvent reorganizes. On these grounds, we argue that direct, photoinduced charge-transfer between I -and Na + , a process that would compete with CTTS electron ejection, is highly unlikely: the solvent structure around Na + is simply too far from optimal to accommodate a tightcontact pair for direct charge-transfer to occur. 57 We will analyze the early time portion of the NaI pump-probe transients in more detail in an upcoming paper with the goal of elucidating the spectral intermediates and dynamic solvation involved in the fast electron capture-process. 50 C. CTTS Dynamics of Tetrabutylammonium Iodide in Tetrahydrofuran and the Formation of (t-BA + , e -) THF "Loose-Contact Pairs". As described above, (Na + , e -) THF is characterized by a partially atomic binding interaction. What about cases in which electron-cation pairs are defined by weak interactions? Unlike the case of Na + , we anticipate no valence interactions between the electron and t-BA + , which is characterized by long, alkyl arms and a filled valence shell on the central nitrogen atom. We also expect weaker ion-pairing between t-BA + and I -; indeed, Figure 1 illustrates that the steady-state absorption spectrum of I -is only weakly perturbed by the presence of tetrabutylammonium relative to the "counterionfree" anion. This suggests that either t-BA + -I -has an increased interionic separation or that tetrabutylammonium cannot induce a large inherent perturbation to the I -CTTS spectrum relative to Na + . In this section, we examine the CTTS dynamics of Iin the presence of t-BA + with the goal of using these dynamics to assess the strength of both t-BA + -electron and t-BA + -Iinteractions. Figure 5 presents the ultrafast transient absorption dynamics of a 5-mM t-BA + -I -solution in THF following CTTS excitation at 263 nm; the data are normalized at t ) 40 ps and are offset for clarity. On long time scales (panel a), no wavelength dependence in the transient absorption is observed across the IR, and there is negligible decay of the absorption even up to 1 ns after excitation. 67 This wavelength independence and lack of any significant dynamics is similar to what we observed following excitation of "free" I -in THF. 8 The lack of any long-time wavelength dependence to the spectral dynamics differs significantly from the NaI system, however, and indicates that any role played by the t-BA + cation in electron capture or on the CTTS ejection process is not particularly dramatic. However, we do observe a subtle wavelength dependence at early times (Figure 5b) : the transient absorption intensity shows a small decay at longer wavelengths (e.g., 2300 nm, pink circles) and a small rise at shorter wavelengths (e.g., 1375 nm, gray circles) in the first 10-15 ps following excitation. We also see (outside our GVM-limited rise) quasi-isosbestic character at intermediate wavelengths (e.g., 1650/1750 nm, dark/ light blue circles). These spectral dynamics are absent with "counterion-free" I -and must therefore reflect time-dependent t-BA + -e -interactions.
r 0 ≈ 75 Å 300 ps 7.4 ns
What kind of t-BA + -electron interactions could be responsible for the dynamics seen in Figure 5 ? As we described in section III.A, the spectrum of electron-cation LCPs in ethers (λ max ≈ 1600-1800 nm) are somewhat blue-shifted relative to that of free solvated electrons (λ max ≈ 1900-2100 nm). If we assume that electron capture by t-BA + in THF leads to LCP formation, then the absorption intensity decrease at longer wavelengths signifies a reduction in the population of free solvated electrons as they are captured by the t-BA + cation, whereas the concomitant absorption intensity increase at shorter wavelengths reflects the growth of newly formed LCPs. Unfortunately, we cannot quantitatively model these t-BA + -electron capture dynamics using the same kinetic scheme invoked in the previous section for electron capture by Na + because the equilibrium spectrum of the t-BA + -electron loosecontact pair has not been measured independently. We do know, however, that the oscillator strength of the electron's absorption spectrum should remain unchanged through the capture transformation e THF -f (t-BA + , e -) THF , even though LCP formation might change the peak position and spectral shape. To simplify our analysis, we will assume that the equilibrium spectrum of (t-BA + , e -) THF has the same shape and oscillator strength as that of the free THF-solvated electron but with a blue-shifted peak wavelength, thereby introducing only one spectroscopic parameter (λ max LCP ) into our kinetic modeling of the LCP capture process. Here, we use the same well-known Gaussian-Lorentzian line shape to describe both the e THF -and (t-BA + , e -) THF equilibrium absorption bands. 68 With this spectroscopic approximation in hand, we are now in a position to construct a kinetic model for electron capture by t-BA + following the CTTS excitation of t-BA + -I -in THF. As with the case of NaI, we could simply assume that the free solvated electron and captured contact pair are chemically distinct species and that the capture process is reasonably modeled by a simple first-order kinetic interconversion between them. On the other hand, we also could argue that (t-BA + , e -) THF is better thought of as a Coulombically perturbed free solvated electron, so that the spectrum of the electron should shift smoothly to the blue as the electron-t-BA + separation decreases. Because we do not know which picture of the electroncapture process makes the most physical sense, we have modeled the transients in Figure 5 with kinetic schemes that describe both pictures. Our first scheme assumes a kinetic interconversion between e THF -and (t-BA + , e -) THF in a manner similar to eq 3, but using only a single interconversion rate (τ -1 ) and branching ratio (f); we refer to this approach as the "kineticcapture" model. In this model, the spectra of e THF -and (t-BA + , e -) THF are assumed to be static, but λ max LCP is used as a fitting parameter. Our second scheme also invokes a single formation rate (τ -1 ) and capture fraction (f) but incorporates a continuous spectral blue shift between free e THF -and (t-BA + , e -) THF :
Here, S(ω(t)) represents a continuously shifting GaussianLorentzian band whose parameters associated with the halfwidths are held constant, thereby fixing the band shape, but whose peak frequency shifts according to where ω max free and ω max LCP are the initial and final peak frequencies and τ is the spectral-shifting time scale. We refer to this scheme as the "ionic-solvation" model. We note that convolution of the ionic-solvation model with our GVM-affected temporal response is not analytic and must be done numerically; our procedure for carrying out this numerical convolution is described in the Appendix. Importantly, both of our kinetic schemes incorporate only three adjustable parameters (f, τ, and λ max LCP ) c/ω max LCP ), but with implicity different physics.
The nonlinear least-squares fit of the ionic-solvation model to all of the t-BA + -I -pump-probe data are plotted as the black curves in Figure 5 ; the fit to the kinetic-capture model is indistinguishable from the fit to the ionic-solvation model and thus is not shown here. The parameters determined from the fits to both models are given in Table 1 ; as with our fits for the NaI/THF pump-probe transients, the error bars for each parameter are determined by the range over which 2 increases Figure 5 . IR absorption transients measured after 263-nm CTTS excitation of tetrabutylammonium iodide in THF on long (panel a) and short (panel b) time scales; the transients have been normalized at t ) 40 ps and offset vertically for clarity. Panel a demonstrates that the induced absorption decay is e3% out to 1 ns, indicating that neither long-time geminate recombination nor significant electron capture occurs in these solutions. The short-time dynamics in panel b show a small absorption decay at red wavelengths with a corresponding rise at blue wavelengths, reflecting that a small fraction (∼10-15%) of the electrons form (t-BA + , e -)THF loose-contact pairs (LCPs). The black curves are a global fit of all 10 transients to the "ionic-solvation" model described in the text, which includes a continuous, time-dependent blue shift of the electron spectrum as it is captured by t-BA + to form the LCP. We also fit the data to a "kinetic-capture" model similar to that used to describe the NaI data in Figure 3 ; the fit to this model is visually indistinguishable from the fit to the "ionic-solvation" model; the fitting parameters obtained using both models are summarized in Table 1 . The ionic-solvation model provides a slightly better numerical fit to the data, and the LCP spectrum obtained from this model is plotted as the green dashed curve in Figure 2 . (10) by 25%. The fact that the two models yield virtually indistinguishable fits indicates that both can describe the data reasonably well, and Table 1 shows that both models yield identical fitting parameters within the estimated error. In particular, both models give λ LCP max as lying ∼400-500 nm to the blue of the free e THF -, in excellent agreement with previous spectroscopic observations of LCPs in other solvents; 51,52 the (t-BA + , e -) THF spectrum determined by fitting our data with the ionic-solvation model is plotted as the green dashed curve in Figure 2 . Both models also suggest that only f ≈ 10-15% of the CTTS-generated electrons are captured by t-BA + to form LCPs on a τ ≈ 5-ps time scale.
We close this section by noting that the 2 and parameter error bars obtained by fitting the data with the ionic-solvation model are slightly smaller (though, not significantly smaller statistically) than those obtained by fitting with the kineticcapture model. This suggests that the continuous blue shift of the ionic-solvation model may more closely capture the dynamics that occur following CTTS excitation of t-BA + -I -in THF than the kinetic-capture model. Our intuition about the LCPformation process likewise favors this mechanism. Of course, the true dynamic behavior may involve a combination of both types of processes, changes in the absorption band shape that may occur during the LCP capture process, or even direct LCP formation from the CTTS excited state. Given that LCP formation leads only to subtle changes in the transient spectrocopy, the role of any of these additional processes would be difficult to assess from the data in Figure 5 , particularly because each of them would require the introduction of additional fitting parameters. Nevertheless, in contrast to both the NaI and "counterion-free" I -systems, our analysis clearly demonstrates the formation of LCPs with a perturbatively blue-shifted absorption spectrum following the CTTS excitation of t-BA + -I -.
IV. Discussion: Correlation between Ion-Pairing and CTTS Dynamics
In the previous section, we examined the ultrafast dynamics following the CTTS excitation of I -in THF associated with different counterions. We found that following CTTS excitation of NaI/THF solutions, ∼90% of the CTTS-generated electrons are captured by the sodium cations to form (Na + , e -) THF tightcontact pairs, as evident from the dramatic changes in the transient absorption in the near-IR (Figure 3 ). We also found that following CTTS excitation of t-BA + -I -solutions in THF, only ∼10-15% of the ejected electrons are captured to form (t-BA + , e -) THF loose-contact pairs, as determined from the relatively subtle changes in the dynamic spectroscopy ( Figure  5 ). The dynamics in both cases differ from those of CTTSexcited "counterion-free" I -in THF (Figure 4 and ref 8) , for which there are no spectral dynamics following the initial electron ejection, indicating the absence of electron-counterion and electron-iodine interactions (as well as observable electronsolvation dynamics). The data demonstrate that the degree of electron capture correlates directly with the spectral shift of the I -CTTS transition induced by the counterion (cf. Figure 1) . We believe that this correlation can be explained most generally in terms of a difference in the strength of ion-pair interactions between the precursor-salt counterions. The work of Blandamer et al. 23 and Sciaini et al. [24] [25] [26] [27] suggests that the blue shift of the I -CTTS transition that results upon substituting t-BA + with Na + indicates a smaller average separation of the Na + counterion with the nearby I -ion. Our previous work showed that the addition of 18-crown-6 ether breaks up Na + -I -ion pairs by better solvating the sodium cation, leading to a large red shift of the CTTS spectrum. 8 Thus, the correlation we observe is that electron capture is more efficient when the cations are initially closer to the I -ion (in which case the CTTS transition is more strongly perturbed) than when the cations are initially far from the I -ion (in which case the CTTS transition has undergone little counterion-induced blue shift). In as much as the interionic separation reflects the nature of ion-pair types (contact, solventseparated, etc.), it should be possible to understand these capture yields on the basis of the thermodynamics of iodide-salt ionpair formation in THF.
To explore this relationship, we examine how the electroncapture yields we observe vary with the ion-pair and free-ion distributions determined from conductivity measurements of salts in THF. Szwarc and co-workers have measured the conductivity of various cations in THF and other ethers over a range of temperatures and salt concentrations and found that salt dissociation constants for alkali cations are typically ∼10 -5 M. 22, [69] [70] [71] These workers also found that the solutions became highly nonideal at concentrations above ∼100 µM, such that the fraction of the dissolved salt that is ion-paired saturates at ∼90% in the millimolar concentration range. This ∼90% pairing of sodium salts in the concentration range of our experiments is in striking agreement with the ∼90% electron-capture yield we observed in our NaI CTTS experiments (Figure 3 ). On the other hand, pulse radiolysis experiments have determined that Na + cations are able to capture excess electrons with a 100% yield on the nanosecond time scale. Thus, the ∼10% of electrons that are not captured in the first 500 ps following CTTS excitation of Na + -I -in THF likely corresponds to the fraction of salt that was not initially ion-paired. Our observation that the capture yield did not change with salt concentration in the mM concentration range is also consistent with the known saturation of ion-pairing of other sodium salts in THF. 69 In contrast to Na + -I -pairs, the relatively small blue shift of the CTTS transition of t-BA + iodide in THF, along with the low electron-capture yield we observed following the CTTS excitation of this salt ( Figure 5 ), suggests a significantly larger initial ion-pair separation. Surprisingly, however, Szwarc's conductivity studies indicate a similar degree of ion-pairing for t-BA + salts as for Na + salts in THF. 22 On the basis of conductivity data alone, we might have predicted a substantial fraction of electron capture by t-BA + . We see two possibilities to explain the lack of spectral dynamics we observed on the hundreds-of-picoseconds time scale following CTTS excitation of t-BA + iodide ( Figure 5 ): either all of the ejected electrons are preferentially ejected within ∼1 solvent shell of the t-BA + cation following CTTS excitation (so that none are available to be diffusively captured on time scales longer than ∼5 ps) and only a small fraction are observed to be captured, or alternatively, electrons are ejected to a large average distance from the t-BA + cation and only the small fraction of electrons that happen to localize nearby a t-BA + are captured with high probability to form LCPs. These scenarios cannot be distinguished from the data in Figure 5 . However, in section III.B.2, we argued in conjunction with Figure 4 that the tightly binding Na + cation alters the average I -CTTS electron ejection distance from ∼6 nm to e2 nm, and it seems unlikely that the more weakly interacting t-BA + cation could cause an even greater contraction of the ejection distribution. Thus, we believe that t-BA + is unable to alter significantly the "free" I -CTTS electron-ejection distribution, such that LCPs are formed only by those electrons that happen to be ejected close to the t-BA + cations. Logically, the degree to which the CTTS excited state in the parent-I -solvent cavity is able to nonadiabatically couple to the disjoint cavities that naturally exist in liquid THF depends on the proximity of the counterion: the more a cation is able to perturb the CTTS spectrum, the more likely it is to significantly alter the CTTS ejection distribution, and thus, the more likely it is to be able to capture the ejected electrons. Additionally, it is important to note that although the conductivity measurements reflect significant ion-pairing in both the Na + and t-BA + cases, these measurements tell us nothing about the shape (depth or position of the minimum) of the mean-force potential that binds the ion-pair together.
In summary, we have studied the effects of the counterion on the ultrafast CTTS dynamics of I -in weakly polar liquid THF. By switching counterions from crown-ether-complexed Na + to t-BA + to Na + , we have been able to tune the degree of interaction with the I -ion from essentially none to weak to strong, respectively. We found that depending on the degree to which the ions initially interact, the counterion not only can alter the distance to which CTTS electrons are ejected but also can participate in the CTTS process by capturing a significant fraction of the ejected electrons to form either tight or loose cation:electron contact pairs. Our previous work showed that when there is no significant interaction between I -and its counterion in THF, CTTS excitation of I -led to electron ejection with a ∼6 nm average ejection distance. 8 In contrast, for strongly ion-paired Na + -I -, we found that ∼90% of the CTTS-ejected electrons were captured by the Na + counterion to form tightcontact pairs within ∼100 ps, and a diffusion-based argument suggests that the average separation of Na + -e -pairs must be e2 nm. Thus, not only does the pairing with the Na + cation cause a significant blue shift of the I -CTTS spectrum, it also causes a profound contraction of the CTTS electron-ejection distribution. This contraction of the CTTS electron-ejection distribution, however, is not simply a Coulombic effect: even though conductivity data suggest the degrees of ion-pairing of Na + and t-BA + with I -are similar, we found that only ∼10-15% of the CTTS-ejected electrons were captured by tetrabutylammonium cations to form loose-contact pairs. It appears that association with t-BA + does not significantly alter the CTTS electron-ejection distribution relative to "free" I -, a result that is likely a direct consequence of the fact that the initial separation of the t-BA + -I -ion-pair is relatively large but may also be a reflection of the different chemical character of t-BA + relative to Na + . Finally, our data also show that the kinetics of electron capture by Na + and t-BA + are significantly different: the rapid formation of weakly interacting (t-BA + , e -) THF LCPs is likely to be barrierless, as implied by the "ionic-solvation" model, whereas the slower formation of strongly interacting (Na + , e -) THF TCPs appears to take place via interconversion from a more rapidly formed LCP; we will examine the Na + -e THF -LCP f TCP interconversion in greater detail in an upcoming publication. 50 
Appendix A: Incorporating Group Velocity Mismatch into Ultrafast Kinetic Models
When fitting kinetic models to the absorption transients associated with CTTS ejection from I -salts in THF, it was necessary to account for a temporal response limited by the group-velocity mismatch (GVM) between the pump and probe pulses in our relatively thick samples (in addition to the usual finite resolution that results from temporal cross-correlation of the pump and probe pulses). This Appendix describes the mathematical procedures we used to account properly for these effects on the ultrafast absorption transients. We will focus most of our attention on models that assume the underlying transient absorption dynamics, I(t), can be expressed as a linear combination of exponentials: This is exactly the situation for the model we presented in section III.B to describe (Na + , e -) THF TCP formation following the CTTS excitation of NaI/THF solutions. As shown below, convolution of GVM effects with such a model is analytically tractable; we also outline a generic numerical procedure applicable to kinetic models with more complicated time dependence.
In the absence of a dispersive medium, the "zero of time", t 0 , occurs when the optical path lengths (OPL) traveled by the pump and probe pulses are identical; the temporal pump-probe delay is then defined as t ) (OPL pr -OPL pu )/c, where c is the speed of light. When the pump and probe pulses travel through a dispersive medium such as a liquid sample, however, the optical path lengths are altered by the index of refraction of that medium. Thus, after penetrating a distance x into a dispersive medium, the "zero of time" is shifted to t 0 (x) ) t 0 + ∆n pr-pu x/c, where ∆n pr-pu ) n pr -n pu is the difference in refractive index in the medium between the probe and pump pulses. As a result, the absorption transient originating at the penetration depth x in the medium begins from this shifted zero of time:
Because the zero of time changes as a function of x, the timedependent signal measured in a pump-probe experiment is a convolution of the individual signal contributions at each x across the sample depth: in which w(x) is the weight of the contribution from each possible sample penetration depth, and for a sample medium of thickness D, L(t) ) ct/|∆n| if it is less than D; otherwise L(t) ) D. To best mimic the experimental conditions, we have assumed that the sample-depth-dependent weighting of the x-dependent transients to the total signal is given by Beer's Law:
where R pu is the optical absorption of the sample at the pump wavelength and the overall weight is normalized for the finite depth of the sample.
To develop an analytic expression for the GVM-affected pump-probe transients, we must consider the sign of ∆n pr-pu . The most-common case encountered experimentally is when I(t) ) ∑ n A n exp{-t/τ n } (A1) I x (t-t 0 (x)) ) I x (t-t 0 -∆n pr-pu x/c) (A2)
L(t) I x (t-t 0 (0)-∆n pr-pu x/c)‚w(x) dx (A3)
w(x) ) exp{-R pu x}/ ∫ 0 D exp{-R pu x} dx (A4) the pump pulse is retarded relative to the probe pulse upon passing through the medium (i.e., ∆n pr-pu < 0); we will refer to this case as "normal" GVM. In this case, substitution of eqs A1, A2, and A4 into eq A3 yields an analytic solution to the convolution of the dispersive sample response with the multiexponential population kinetics:
where τ cell ) |∆n pr-pu |D/c, τ GVM ) |∆n pr-pu |/(R pu c), T(t) ) t if t < τ cell but τ cell otherwise, and (τ inv,n + ) -1 ) τ GVM -1 + τ n -1 . If we further assume that the pump-probe cross-correlation is Gaussian with a full-width-at-half-maximum of 2σ(ln 2) 1/2 , then we can perform an additional convolution to account for the finite duration of the pump and probe pulses and obtain an analytic expression for the total signal: in which (τ n′ ) -1 ) (τ n ) -1 + (τ GVM ) -1 and erfc(x) is the complementary error function. Equation A6 (with n ) 3) is the analytic form that was fit to the Na + -I -CTTS/electron capture data in Figure 3 using a nonlinear least-squares procedure in order to obtain the fitting parameters {A n , τ n } (with τ 1 constrained to 380 fs) reported in section III.B.
It is also possible that ∆n pr-pu > 0, such that the probe pulse is retarded relative to the pump pulse upon entering the medium, a case that we refer to as anomalous GVM. In this anomalous case, the analytic solution to I GVM (t) obtained in eq A5 retains the same general form but with the substitutions τ inv,n + f τ inv,n -, (τ inv,n -) -1 ) (τ GVM ) -1 -(τ n ) -1 , and τ n′ f τ GVM . As a result of the sign change, a discrete singularity is introduced in this case when τ n ) τ GVM , where the analytic expression for component n must be obtained by taking limits:
The cross-correlation-convolved contribution from component n in this condition is thus, which could be analytically fit to ultrafast transient absorption dynamics in the case of "anomalous" GVM.
Of course, there are many situations in which the ultrafast absorption dynamics of a sample are not simply modeled by a linear combination of exponentials; the "ionic-solvation" model that we applied to describe the ultrafast electron capture dynamics in t-BA + -I -solutions in section III.C is a prime example. In such cases, we must assume that the intrinsic sample absorption dynamics are given by where (t) and P(t) are the time-dependent spectral dynamics and population kinetics of the transient absorber; from this form, I(t) can be reduced to a simple kinetic expression if (t) is constant in time. To our knowledge, no analytic method exists for convoluting the GVM-induced temporal response with timedependent spectral shifting; thus, we have taken a numerical approach. Because the GVM parameters that limit the temporal resolution are known experimentally, the GVM convolution can be applied to I(t) through a standard matrix multiplication:
Here, A GVM is an N × N matrix, with N representing the number of time-steps (δt) that span the desired time scale. The rows of A GVM give the (asymmetric) weighting function in time that is associated with w(x), but with zeros along the diagonal, such that the summation involved in the matrix multiplication may approximate integration. To incorporate this numeric convolution into a fitting routine, we computed the combined the kinetic and spectral dynamics (I(t)) on a linear time-grid (typically δt ) 20 fs, N ) 30 000 points) according to the desired model. A sparse N × N delay-dependent GVM convolution matrix (A GVM ) was generated once and stored in memory. Convolution was accomplished via eq A10, and I GVM (t) was then folded with the symmetric cross-correlation function using a simple numeric convolution algorithm. This procedure was then used iteratively in a "forward-convolute-and-compare" scheme to minimize the fitting parameters; this is the procedure we employed to fit the "ionic solvation" model to the t-BA + -I -data presented in section III.C. 
I GVM,n (t;τ n )τ GVM ) )
A n [1 -exp(-τ cell /τ GVM )]
(A8)
